ABSTRACT Rats fed diets with cadmium (Cd) concentrations similar to that found in human diets, and nutritionally marginal with respect to iron (Fe), zinc (Zn), and calcium (Ca) retained 10 times more Cd in the duodenum than rats fed adequate mineral diets. In the current study, 2 experiments were performed to determine the role of intestinal metallothionein (MT) in the accumulation of duodenal Cd, and to determine whether endogenous rice grain Cd is as available as Cd exogenously incorporated into the grain. In Expt. 1, wild-type and MT-null mice were fed 40% rice diets containing marginal or adequate amounts of Fe, Zn, and Ca, and 240 g Cd/kg. Duodenal Cd was 10 times higher in both wild-type and MT-null mice regardless of their mineral status. In Expt. 2, one group of rats was fed 40% rice diets in which Cd was incorporated into the rice during growth and maturation, and another group was fed 40% rice diets in which Cd was incorporated into the rice during cooking. Each group also was fed either marginal or adequate amounts of Zn, Fe, and Ca. After 5 wk, rats were given a single meal labeled with 109 Cd, and the amount of label retained after 7 d was determined by whole-body counting. Rats with marginal mineral status retained 10 times more 109 Cd than those with adequate status; however, there was no difference between rats fed endogenous or exogenous Cd rice. Although duodenal Cd concentration was 8 times higher in the marginally fed rats, MT concentration was unchanged. These 2 experiments indicate that MT induction is not involved in duodenal Cd accumulation in animals with marginal dietary status of Fe, Zn, and Ca. In addition, they support the hypothesis that marginal deficiencies of Fe, Zn, and Ca, commonly found in certain human populations subsisting on rice-based diets, play an important role in increasing the risk of dietary Cd exposure. J. Nutr. 135: 99 -108, 2005. 
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In past experiments, the Cd content of rice used in the diet of test animals was increased by adding CdSO 4 to the cooking water. When the cooked rice was dried, it contained Cd at concentrations similar to that found in rice grown in paddies contaminated with Zn and Cd (15) . It was unclear; however, whether Cd added to rice in this manner was as available for absorption as the Cd in rice produced in Cd-contaminated areas. To test this hypothesis, high-Cd rice grown in Zn/Cd contaminated paddies was obtained from an isolated and geographically unique location in Northwestern Thailand (17) , and compared with rice enhanced with Cd during the cooking process.
MATERIALS AND METHODS
This study was approved by the Animal Use Committee of the USDA-ARS-NPA, Grand Forks Human Nutrition Research Center and was in accordance with the guidelines of the NIH on the experimental use of laboratory animals (18). Experiment 1. A mouse model without functional MT-1,2 genes (MT-null) was used. Breeding pairs of wild-type (WT; 129S1/SvImJ) and MT-null mice (129S7/SvEvBrd-Mt1 tm1Bri Mt2 tm1Bri /J) were obtained from an inbred colony at the Department of Pathology, University of Western Ontario, London, Canada, and shipped to our laboratory in Grand Forks, ND. The parents originated from Jackson Laboratory, Bar Harbor, ME, from a strain originally developed by Masters et al. (19) . The experiment was a 3-factor design with genotype (MT-null and WT), sex, and dietary treatment (adequate Zn, Fe, and Ca and marginal Zn, Fe, and Ca) as the factors. The diets were similar to those described elsewhere by Reeves and Chaney (16) .
The mice, (n ϭ 55; 25 WT and 30 MT-null) were divided unevenly among the 8 treatment groups. As the pups were born, they were assigned to treatment groups by sex. For unknown reasons, there was a dearth of males born to the WT pairs, which left small numbers of mice in these groups. The mice were housed in plastic cages with paper bedding (Alphi-dri Paper Squares, Certified Grade; Shepherd Specialty Papers) and had free access to the test diets and to deionized water at all times.
After the mice had consumed their respective diets for 5 wk, each was anesthetized i.p. with a 1.37:1 mixture of ketamine: xylazine [1L/g body weight (BW)] [Ketamine HCl (Ketaset), Fort Dodge Animal Health; Xylazine (Xyla-Ject), Phoenix Scientific], and blood (ϳ1.0 mL) was collected from the abdominal vein until the mouse died. About 3 cm of the upper small intestine (duodenum) was removed and the lumen was rinsed thoroughly with 5 mL of ice-cold saline (8.5 g/L NaCl in deionized water). Total liver and both kidneys were removed and stored, along with the duodenum, at Ϫ20°C until analyzed for Cd, Zn, Fe, and Ca contents. Experiment 2. The experimental design consisted of 5 different diet groups, each further subdivided into 2 treatment groups ( Table  1) : adequate or marginal with respect to Zn, Fe, and Ca. The experiment began with 80 female rats [SAS:VAF (SD), Charles River/Sasco], 8/group, at 3 wk of age. The rats were housed individually in stainless steel cages with wire-mesh bottoms. The rats had free access to powdered diet and deionized distilled water. Room temperature and relative humidity were 22°C and 50%, respectively. Descriptions of the diet formulations are given below and in Table 2 .
The rats were fed their respective diets for 5 wk, at which point, 4 rats from each group were food deprived for 12 h and then fed a single 1-g meal of their respective diets that had been extrinsically labeled with 3 Ci (111 kBq) of 109 Cd, and assayed by whole-body counting by the methods of Reeves and Chaney (15, 16) . The fecal material from each test rat was collected and assayed for 109 Cd each day for 7 d after the initial oral dose. At the end of the last fecal collection period, each rat was assayed again for whole-body content of 109 Cd. Each rat that received a dose of 109 Cd was anesthetized i.p. with a 1.37:1 mixture of ketamine: xylazine (1 L/g BW), and blood (ϳ10 mL) was collected from the abdominal aorta until the rat died. Subsequently, 20 cm of the upper small intestine was isolated and the mucosal layer was removed as outlined by Reeves and Chaney (15) . Total liver, both kidneys, and spleen were removed and stored, along with the mucosa, at Ϫ20°C until analyzed for mineral contents. Nonlabeled rats were killed according to the methods outlined above and similar tissues were removed for analysis. The duodenal mucosa of these rats was removed for the determination of MT (20) .
Rice processing. The rice with a naturally high Cd content was obtained from Thailand. In November 2001, as part of the collaborative research program between the International Water Management Institute and the Thai Department of Agriculture, rice grain samples (Variety HM105) were collected at harvest from an isolated and geophysically unique Cd/Zn cocontaminated site in Mae Sot District, Tak Province, Thailand. The study site receives irrigation sourced from Mae Tao Creek whose headwaters are within an actively mined Zn mineralized area. In total, 432 preselected fields from within 11 Farmer Field Groups were sampled. For each field, as a function of field size, 6 panicles from 20 to 30 randomly selected rice plants were collected and made into a composite. Concurrent soil samples (0 -30 cm depth) were digested with aqua regia (21) The agricultural practice in the study area is to composite the harvested rice into a single bulk sample before threshing. To simulate this, for each field sampled, a subsample representing 10% of the total sample mass was taken and combined to form a bulk sample for each Farmer Field Group. These bulk samples were subsequently oven dried at 65°C for 72 h and stored for 1 y before polishing. Polishing was done by the Research and Product Development Department of Table 1 . A 3-way ANOVA showed that feeding marginal mineral diets increased (P Ͻ 0.001) the duodenal accumulation of Cd, and male mice accumulated more (P Ͻ 0.030) than female mice; however, there was no effect of genotype. (16) , except that the cooked rice was oven-dried at 60°C instead of lyophilized. By analysis, the low-Cd rice contained 12.2 Ϯ 3.3 g Cd/kg, 10.8 Ϯ 0.2 mg Zn/kg, 2.3 Ϯ 0.1 mg Fe/kg, and 45.0 Ϯ 0.8 mg Ca/kg of edible grain. In contrast, the high-Cd rice contained 1390 Ϯ 30 g Cd/kg, 18.8 Ϯ 0.1 mg Zn/kg, 2.6 Ϯ 0.1 mg Fe/kg, and 39.2 Ϯ 0.6 mg Ca/kg. To obtain reasonable but higher than normal amounts of Cd in the low-Cd rice, enough CdSO 4 was incorporated into the cooking water to obtain 600 g Cd/kg of cooked, dried, ground rice for Expt. 1 and ϳ280 g Cd/kg for Expt. 2.
Sunflower kernel processing. Raw SFK were obtained from Heartland Mills and processed according to the methods in Reeves and Chaney (14) . By analysis, SFK contained 557 Ϯ 16 g Cd/kg, 51.3 Ϯ 6.7 mg Zn/kg, 53.6 Ϯ 3.0 mg Fe/kg, and 975 Ϯ 27 mg Ca/kg of edible kernel.
Diet. The compositions of the diets for Expt. 1 were similar to those used by Reeves and Chaney (15) , and contained ϳ240 g Cd/kg. Diets for Expt. 2 are shown in Table 2 , and were based on the AIN-93G-EGG diet formulation by Reeves (25) . The compositions of the mineral supplements were based on the contributions of minerals from the dietary ingredients (25) . Zn, Fe, and Ca in the marginal diets were supplied partially by the rice; however, even at 40% of the diet, the rice did not supply enough of any of the 3 minerals to obtain the desired marginal amount. Thus, extra minerals were added as Zn carbonate, ferrous sulfate, and Ca carbonate to bring them to the required marginal level. In the adequate diet, the concentrations of Zn, Fe, and Ca were adjusted by adding more of the mineral salts to obtain the concentrations found in the AIN-93G diet (26) . The analyzed concentration of each mineral is shown in Table  1 for each diet. The marginal values represent ϳ30, 30, and 50% of the requirements of Zn, Fe, and Ca, respectively, for growing rats as recommended in the standard experimental diet for laboratory rodents, AIN-93G (26) .
Diet labeling with 109 Cd for Expt. 2. It was not possible to label the rice and SFK endogenously with 109 Cd; therefore, an exogenous labeling procedure was used, which was similar to that outlined by Reeves and Chaney (16) . The dried material was thoroughly mixed and aliquots were analyzed for 109 Cd to ensure equal distribution of the label in the dried diet. One gram of diet labeled with ϳ3 Ci of 109 Cd was then fed to each rat by dispensing it into an acid-washed glass food container.
Sample analysis. The procedures used to prepare and analyze tissue samples for mineral content were similar to those outlined by Reeves and Chaney (14) . To ensure adequate quality control, samples of bovine liver with certified concentrations of minerals were analyzed with each batch of tissues [Cd, 500 Ϯ 30 g/kg; Zn, 127 Ϯ 16 mg/kg; Fe, 184 Ϯ 15 mg/kg; Ca, 116 Ϯ 4 mg/kg (NIST)]. Assayed values were within the accepted ranges: Cd, 515 Ϯ 14 g/kg; Zn, 124 Ϯ 13 mg/kg; Fe, 190 Ϯ 21 mg/kg; and Ca, 122 Ϯ 6 mg/kg (mean Ϯ SD, n ϭ 6).
Statistical analysis. The data in Expt. 1 were analyzed by 3-way ANOVA using the StatView (Version 5.0) computer program (SAS Institute). In Expt. 2, data were analyzed by 2-way ANOVA using the Proc Mixed procedure in SAS. For many variables, the group variances were not homogeneous, but differed greatly between the groups fed marginal or adequate diets. For these variables, rather than using a single pooled variance estimate, 2 variance estimates were calculated: 1 for the 5 marginal groups and 1 for the 5 adequate groups. When the interaction term between diet components and mineral status was significant (P Ͻ 0.05), Bonferroni contrasts were used. Contrasts were limited to the comparisons of interest, i.e., between the means of the 5 dietary treatments within each level of dietary minerals (adequate or marginal) and between the level of dietary minerals for each of the 5 components.
RESULTS

Experiment 1.
Weight gains of the mice were not affected by the consumption of the marginally adequate diets (data not shown). However, 3-4 times more Cd accumulated in the duodenum of marginally deficient mice than in adequate mice, but there was no effect of genotype (Fig. 1) . Male mice accumulated more Cd (P Ͻ 0.03) in the duodenum than female mice, regardless of genotype.
MT-null mice had less (P Ͻ 0.001) Zn in the duodenum than the WT mice (Table 3) . However, even though mice fed the marginal diets were consuming only one third as much Zn as the adequately fed mice, duodenal Zn was not affected (P Ͼ 0.05; Table 3 ). On the other hand, mice fed marginal Fe had a lower (P Ͻ 0.001) Fe concentration in the duodenum than those fed adequate Fe. MT-null mice tended (P ϭ 0.08) to have a higher duodenal Fe concentration than the WT mice. Mice fed marginal Ca diet had less (P Ͻ 0.01) duodenal Ca than those fed adequate Ca, but there was no effect of genotype (Table 3) .
Liver Cd was higher (P Ͻ 0.007) in MT-null than in WT mice, but there was a significant (P Ͻ 0.008) interaction between genotype and sex; female MT-null mice had 2.5 times more Cd in liver than WT mice, but there was no difference between male genotypes (Table 3 ). Liver Zn concentration was higher (P Ͻ 0.013) in male mice than female mice, but male mice had lower (P Ͻ 0.016) liver Fe than female mice. Liver Fe was slightly lower (P Ͻ 0.016) in mice with marginal mineral status compared with mice with adequate mineral status. Liver Ca concentration was not affected by any of these variables (Table 3) .
Kidney Cd concentration was 2-4 times higher in mice consuming diets with marginal mineral content compared with those consuming minerals at adequate levels (Table 3) . There was no effect of genotype or sex on kidney Cd concen-
FIGURE 2 Accumulation of dietary
109 Cd in the whole body minus the duodenum in rats was affected by the Zn, Fe, and Ca contents of the diet and its composition (Expt. 2). Bars represent the means Ϯ SEM, n ϭ 4. A 5 ϫ 2 factorial ANOVA showed an interaction (P Ͻ 0.040) between dietary composition and mineral content. Letters denote significant (P Ͻ 0.05) Bonferroni contrasts between diet components within a common level of dietary mineral intake (adequate: a,b,c; marginal: m,n,o). *Different from adequate intake for a specific diet component, P Ͻ 0.05.
tration. There was no treatment effect on the concentration of kidney Zn; however, both kidney Fe and Ca were lower (P Ͻ 0.024 and P Ͻ 0.050, respectively) in male mice than in female mice (Table 3) . Experiment 2. Regardless of the type of diet, there was more (P Ͻ 0.001) 109 Cd in the bodies of rats consuming diets with marginal Zn, Fe, and Ca than in those consuming diets with adequate minerals (Fig. 2) . The amount of label entering the body from rice was higher (P Ͻ 0.05) than the amount from SFK. Rats fed the AIN-93G-EGG diet with or without added Cd had more 109 Cd in their bodies than rats fed SFK, but values did not differ from those in rats fed rice.
Overall, the rate of 109 Cd excretion was much less (P Ͻ 0.001) in rats consuming diets with marginal mineral content than in those consuming the adequate diets (Fig. 3) . After 3 d, rats fed rice diets with adequate minerals had excreted 80% of the dose, whereas those fed rice diets with marginal mineral contents had excreted only ϳ50% of the dose. Even after 7 d, the effect of dietary mineral content remained, although it was reduced in magnitude, 90 vs. 80% (P Ͻ 0.001); however, there were differences among diet types. At d 3, the difference in fecal excretion between rats fed SFK diets with adequate minerals and those fed SFK diets with marginal minerals was ϳ80 vs. 66%, respectively, compared with 80 vs. 50% in the rice-fed groups.
There were differences in the responses between rats fed rice and SFK. Rats fed the rice diets accumulated more 109 Cd in their duodenal mucosa than those fed SFK (compare groups 1 and 2 with group 3; Fig. 4) . However, there was only a small difference between those fed rice and those fed the purified diet. Similar results were shown for duodenum minus mucosa and total duodenum (Fig. 4) . The concentration of Cd in the duodenal mucosa was also affected by mineral status and diet composition (Fig. 5) . Although the SFK diets had amounts of Cd similar to those of the rice diets and the AIN-93G-EGG with added Cd, the concentration of Cd in the mucosa of the SFK-fed rats was only ϳ25-40% of that in rats fed the other diets. The concentration of Cd in the mucosa of rats fed the AIN-93G-EGG with no added Cd was very low (Fig. 5) .
The patterns of 109 Cd accumulation in liver and kidney (Fig. 6) were similar to those in the duodenum (Fig. 4) . Rats fed the marginal mineral diets accumulated much more label than those fed adequate minerals. In addition, rats fed the rice diets accumulated more label in the livers and kidneys than those fed the SFK diet.
109 Cd tended to be higher (P ϭ 0.09) in the liver of rats fed the AIN-93G-EGG diet than those fed the rice diet; however, the values were reversed in the kidney (Fig. 6) . Liver Cd was increased (P Ͻ 0.001) by feeding marginal Zn, Fe, and Ca in rice diets but not by feeding SFK or semipurified diets without added Cd (Table 4) . However, 
FIGURE 4
The uptake of 109 Cd in parts of the duodenum was affected by mineral status of the rats and the composition of the diet (Expt. 2). Bars represent the mean Ϯ SEM, n ϭ 4. Letters denote significant (P Ͻ 0.05) Bonferroni contrasts between diet components within a common level of dietary mineral intake (adequate: a,b,c; marginal: m,n,o). *Different from adequate intake for a specific diet component, P Ͻ 0.05.
Cd concentrations in the kidney were elevated (P Ͻ 0.001) in all diets having a marginal supply of minerals (Table 4 ).
The diet composition or feeding marginal Zn, Fe, and Ca to rats influenced the tissue concentration of the respective minerals (Table 4 ). The concentration of Zn in the duodenal mucosa of rats fed SFK was lower than in those fed rice, even though the dietary concentration of Zn did not differ. Low Zn intakes did not affect Zn concentration in this tissue. In contrast, although the diet components did not affect mucosal Fe, it was lower (P Ͻ 0.001) in rats consuming marginal Fe diets (Table 4) .
Although dietary Ca concentrations did not differ between rats following the marginal and adequate regimens, dietary components affected the mucosal concentration of this mineral. Rats fed rice diets had much more duodenal Ca than rats fed SFK or the AIN-93G-EGG diets. The concentration of Ca in the mucosa of rats fed marginal Ca in rice or AIN-93G-EGG diets was lower than in those fed adequate Ca, but there was little effect on mucosal Ca in rats fed SFK (Table 4 ). The concentration of MT in the duodenal mucosa of rats was not affected by feeding a marginal supply of minerals (Table 4) , even though mucosal Cd was elevated by marginal mineral status (Fig. 5) . Diet composition affected (P Ͻ 0.036) mucosal MT in that rats fed the natural rice diets tended to have less mucosal MT than those fed the AIN-93G-EGG diets alone.
The concentrations of liver Zn and Ca were not affected by marginal mineral status; however, liver Fe was reduced (P Ͻ 0.001) considerably in rats with marginal status (Table 4) . There was a significant interaction (P Ͻ 0.002) between mineral status and diet components, which showed that the difference in liver Fe between rats with marginal and adequate mineral status was much greater in those fed rice and AIN-93G-EGG than in those fed SFK. Although kidney Zn was higher (P Ͻ 0.001) in rats fed the AIN-93G-EGG diet than any other diet, the differences were very small (Table 4) . Kidney Fe was lower (P Ͻ 0.001) in rats fed the marginal mineral diets; however, dietary components had no effect. The concentration of kidney Ca was not affected by mineral status or diet components.
DISCUSSION
Previous studies demonstrated that female rats fed diets containing Cd in amounts naturally found in some food, and marginal in nutritional value for Zn, Fe, and Ca, accumulated more Cd in the duodenal mucosa than rats fed similar diets but with adequate Zn, Fe, and Ca (16) . The results of the current study confirm those findings. Chronic dietary Cd as low as 1 mg/kg in a purified diet was shown to induce duodenum mucosal synthesis of MT, which correlates directly with the Cd concentration in this tissue (27) . Thus, one of the main objectives of the current study was to determine whether high duodenal Cd accumulation found in the marginally fed rats was related to the induction of duodenal MT. It is important to note that the amount of dietary Cd (240 g/kg) used in this study was similar to that found in many natural foods, and was not as high as that used in most pharmacologic and toxicologic studies. The results showed that MT induction was not involved in Cd accumulation in the intestinal mucosa. First, mice with mutated MT-1,2 genes and no functional MT accumulated Cd in the duodenal mucosa at rates similar to those in mice with intact MT genes. Second, mucosal MT was not elevated in rats with intact MT genes and fed marginal Zn, Fe, and Ca, even though the mucosal Cd concentration was 10 times higher than in rats fed adequate minerals. These data strongly suggest that MT induction was not involved in the initial accumulation of duodenal Cd of rats marginally deficient in Zn, Fe, and Ca. These results agree with those of previous studies on the role of MT in the absorption of Cd in rats (28) , where it was reported that the induction of intestinal MT with a pretreatment of oral Zn had little effect on the intestinal uptake of Cd in in situ experiments. However, it is unlikely that Cd exists in the mucosal cell in an unbound state; thus, some other molecular species besides MT must be induced to bind Cd in the mucosa. The identity of this species is unknown at present. It was shown that Cd and Fe use the same enterocyte apical membrane transporter, divalent metal transporter-1, to transport Cd into cells; thus, the 2 minerals compete with each other for uptake (29, 30) . When dietary Fe intake is low relative to Cd, enterocyte uptake of Cd would be favored. Similarly, it was suggested that Cd and Ca use the same Ca channel in the liver (31); however, Lecoeur et al. (32) blocked the Ca channels of an intestinal epithelial cell model, HT-29, with verapamil, and no effect on Cd uptake occurred. In addition, Hoadley and Johnson (33) concluded that the 2 elements did not share a common carrier in rat intestine. Excess dietary Zn also was shown to reduce Cd absorption (34, 35) ; perhaps these 2 minerals also act through specific and common transporters.
Another important issue addressed in this study was whether endogenous Cd in rice is more or less available than Cd added to the rice during cooking. Cd in rice diets with endogenous Cd was ϳ30% higher than that in rice diets containing exogenous Cd. Even so, rats fed endogenous riceCd and marginal minerals tended to have less Cd in the duodenum, liver, and kidney than those fed exogenous riceCd. However, when rats were fed adequate minerals, the trend was in the opposite direction. This suggests that Cd availability did not differ between the 2 forms. Thus, data gathered in previous studies in which extrinsically labeled rice was used likely were reasonably accurate (15, 16) .
The availability of endogenous Cd from 2 different food sources, rice and SFK, was compared in the current study. Rats were fed diets with 20% SFK and Cd concentrations similar to that in 40% rice diets. When a marginal mineral status was induced in each group, rats fed the rice diets accumulated as much as 4 times more Cd in their organs than rats fed SFK. Similar findings were noted in previous studies (14, 15) , but could not be substantiated until both food sources containing endogenous Cd were compared in side-by-side experiments. As discussed earlier (16), SFK supply much more endogenous Fe and Zn than rice; thus, under normal dietary conditions, foods with high endogenous concentrations of Cd antagonists as well as Cd would provide a natural resistance to Cd absorption. This is one way in which different diets and different foods can influence the bioavailability of dietary Cd.
It also was shown in the current study that Cd availability from SFK was Ͻ50% of that from rice. The reason of this difference is not apparent; however, as stated above, it is obvious that the organic matrices vary widely between the different food types, and each contributes different amounts of endogenous inhibitors of Cd absorption, specifically, Zn, Fe, Ca, and phytate. However, because each of these minerals was added to the diets to equalize the concentrations in both diets, it seems unlikely that the higher natural mineral composition of SFK could have been the cause.
Phytic acid is a metal-binding component occurring in plant foods in variable amounts, and its presence in rice and SFK might have contributed to this difference. Although phytic acid was not evaluated as part of this study, it is estimated that SFK contain ϳ4.5 g/kg (36) , and milled rice contains ϳ1.5 g/kg (37) . At 40% of the diet, rice would contribute ϳ600 mg phytate/kg of diet, whereas SFK at 20% of the diet would contribute ϳ900 mg phytate/kg of diet. Whether this 50% difference in dietary phytate was sufficient to reduce Cd absorption and tissue accumulation in rats fed SFK compared with those fed rice, remains to be determined.
In conclusion, the present experiments helped clarify the role of intestinal MT in Cd absorption at low dietary Cd concentrations, and emphasized the role of mild Fe, Zn, and Ca deficiencies in dietary Cd absorption by humans and animals. In most past studies dealing with the role of MT induction in Cd absorption, toxicologic doses of Cd rather than amounts commonly found in foods were used. By using MTnull and control mice fed adequate and marginal Fe, Zn, and Ca diets, the role of intestinal MT induction in Cd absorption was minimal. The marginal mineral status of the mice caused equally enhanced accumulations of Cd in the duodenal mucosa of both MT-null and control mice. Overall, the findings support our previous work that illustrated the overwhelming importance of nutritional deficiencies of Fe, Zn, and Ca, even mild ones, in the control of absorption and potential environmental risk of dietary Cd.
Additionally, in a direct comparison of the availability of endogenous and exogenous Cd in rice fed to rats that were marginally deficient with respect to Zn, Fe, and Ca, there was no difference between the 2 methods of enhancing the Cd concentration in the food source. When Cd absorption was compared between rice and SFK, both of which contained high endogenous Cd, Cd from rice was 3 times more likely to be absorbed than Cd from SFK. Together these findings add additional weight to our earlier proposal that malnutrition induced by subsistence rice diets that supply marginal-todeficient levels of Fe, Zn, and Ca to human consumers could greatly enhance the risk of dietary Cd exposure (16) . Also, as strongly pointed out earlier by Fox (38) and Fox et al. (6) , there is a great need to conduct food Cd bioavailability studies with dietary Cd concentrations near those found naturally in foods, rather than at concentrations seldom reached in human diets, even from foods grown in environmentally contaminated areas.
